ABSTRACT Low-frequency noise (LFN) is investigated in a set of indium-zinc-oxide thin-film transistors (IZO TFTs) with fixed channel width (W = 10 μm) and different channel lengths (L = 10, 20, 30, and 40 μm) from sub-threshold, linear to saturation regions. The drain current noise power spectral density is measured as a function of effective gate voltage and drain current. The variation slopes of normalized noise with effective gate voltage are in the range of −1.27 and −1.48, which are close to the prediction of the mobility fluctuation mechanism. According to the N − μ model, the flat-band voltage noise spectral density and Coulomb scattering coefficient are extracted. Subsequently, variations of noise with the drain current in the above threshold region are analyzed by considering the band-gap distribution of the tail states. Finally, the BSIM model is also used to model 1/f noise in the IZO TFTs. The noise parameter NOIB is extracted which is inversely proportional to the effective gate voltage. Good agreements are achieved between the simulated and measured results in the linear region.
I. INTRODUCTION
With high electrical performance and high optical transparency, indium-zinc-oxide thin-film transistors (IZO TFTs) have drawn great attention in ultra high definition displays [1] . For both display and image capture applications, IZO TFTs act as switching components for addressing the pixel circuit [2] , [3] . Moreover, IZO TFT can also be integrated as peripheral drive circuits on glass substrates with low production costs [4] .
The noise behavior of semiconductor devices is a key parameter in the analog circuit applications [5] and it sets the lower limit of the signal level which can be detected and processed by subsequent circuits and systems [6] . The noise performances are primarily dominated by thermal noise and flicker noise (1/f noise) [6] , [7] . Thermal noise is mainly caused by the channel resistance while flicker noise appears through both quality dependent and fundamental noise processes [6] . Attributed to localized traps in the channel and border traps in the gate oxide, the noise levels in IZO TFTs are higher than those observed in crystalline silicon (c-Si) MOSFETs [8] - [11] . Such a high noise level may limit the use of IZO TFTs and should therefore be carefully studied and minimized.
Generally, there are two major existing theories to explain the origin of low frequency noise (LFN) [12] - [14] . The carrier number fluctuation mechanism states that flicker noise is attributed to the trapping and emission processes of charges in the border traps near the gate insulator/channel interface. On the other hand, the bulk mobility fluctuation mechanism considers that flicker noise is a result of the fluctuation in bulk mobility, which is induced by fluctuations in phonon population through scattering. Recently, flicker noise in IZO TFTs has been reported and the dominant mechanism has been discussed by many groups [8] , [15] - [17] .
In the design process of peripheral drive circuits, simulation and analysis of noise behaviors are very important. The LFN may up-convert to high frequencies which is a dominant contributor to phase noise, thus adversely affecting the operation of IZO TFTs in analog and RF applications [5] . In order to evaluate the noise performance of the whole circuit, the designer uses one of the noise models available in the simulators [6] , [18] . For c-Si MOSFETs, the industry-standard Berkeley short-channel IGFET compact model (BSIM) has been widely used to describe the 1/f noise from sub-threshold to strong inversion [19] - [21] . By extracting three fitting parameters (NOIA, NOIB and NOIC), the flicker noise can be simulated by this unified model in all operation regions. For amorphous silicon TFTs, Rigaud et al. [22] presents some good noise simulation results by using BSIM3 model. However, the suitability of the BSIM noise model on IZO TFTs has not yet been examined.
In this paper, the flicker noise of IZO TFTs is analyzed and simulated in all operating regions. Firstly, noises are measured from the sub-threshold region to the saturation region with a frequency bandwidth from 1 Hz to 100k Hz. The dominant mechanisms of flicker noise in each region are subsequently discussed. In order to examine the suitability of the BSIM noise model on the IZO TFTs, noise parameter NOIB is extracted. Finally, the measured results of flicker noise are compared to the simulated results in the linear region.
II. DEVICE STRUCTURE AND I-V CHARACTERISTICS
The devices used in this work are IZO TFTs with a back channel etch (BCE) architecture. The cross-section and plane photograph of these devices are shown in Fig. 1 . A bilayer SiO 2 (50 nm)-SiN x (250 nm) film is used as the gate insulator, and a 30-nm-thick IZO film is used as the active layer. The channel width (W) is 10 μm and the channel lengths (L) are varied from 10 μm to 40 μm.
The I-V characteristics are measured by use of an Agilent B1500 and Cascade probe station (Summit 12000). The flicker noises are measured by use of a Keysight E4727A LFN analyzer, which includes a dynamic signal analyzer, filters and amplifiers.
The typical transfer characteristics with log and linear scales are plotted in Fig. 2 . The extracted electrical parameters performed at V ds = 0.1 V are summarized in Table 1 . 
III. MEASURED LOW FREQUENCY NOISE

A. ORIGIN OF LOW FREQUENCY NOISE
The typical low frequency noise characteristics in the IZO TFTs with W/L=10μm/10μm are plotted in Fig. 3 . As Fig. 3 shows, the drain current noise power spectral densities (S I ) follow a 1/f γ law, and γ are about 0.6∼0.7 when the frequency is below 3 kHz. This phenomenon suggests the flicker noise is the main noise source under low frequency conditions, and it is induced by fluctuations of the interfacial trapped charges [23] , [24] . As reported [25] , the deviation from 1 of γ illustrates that the vertical distribution of oxide trap density is nonuniform in the gate oxide. γ < 1 is expected when the oxide trap density is higher close to the SiO 2 /IZO interface than that in the interior of the gate oxide. In addition, this phenomenon (γ < 1) is also related to the characteristic temperature of the localized states which exist in the channel.
Moreover, the measured drain current noises follow a 1/f 2 law when the frequency is above 3 kHz, which suggests the generation-recombination (G-R) noise is the main noise source in the frequency range of 3 kHz and 100 kHz. As reported in [11] and [17] , the G-R noise from the traps with different time constants can be added, and thus the superposition of many Lorentzians may result in the total spectrum with 1/f γ dependence over several decades of frequency. The observed 1/f 2 noises in this work are consistent with the above mechanism, which suggests the G-R induced fluctuation of the carrier density may also be the origin of the 1/f γ noise. 
where C ox is the gate insulator capacitance per unit area, and k * is a fitting parameter that is related to the tunneling possibility between the channel and border traps. In contrast to carrier number fluctuation theory, Hooge claimed the 1/f noise may originate from noise in lattice scattering, which in turn causes random mobility fluctuation [8] , [14] . According to Hooge's empirical model, the normalized current noise can be expressed by [8] , [14] 
where α H is Hooge's empirical parameter which is technology and material dependent. N tot is the total number of free charge carriers in the channel. The Hooge's empirical model is not only derived for homogeneous semiconductor devices, but also being widely used in the analysis of various TFT technologies (a-Si:H TFTs, IGZO TFTs and organic TFTs) [8] .
To examine the dominant mechanism of flicker noise in the IZO TFTs, the dependence of normalized drain current noise on effective gate voltage (V gs − V th ) is plotted in Fig. 4 , as measured at drain voltage V ds = 0.1 V and frequency f = 10 Hz in the IZO TFTs. Fig. 4 illustrates that the normalized noises have a power law dependence with V gs − V th and the extracted power law coefficients are in the range of −1.27 and −1.48. Therefore, they are close to the prediction of the mobility fluctuation mechanism. Similar trends have also been observed in the a-Si:H TFTs [13] and IGZO TFTs [8] , [9] . As plotted in Fig. 4 , a reduction of the channel length leads to a modification of the law followed by S I /I 2 d against V gs − V th from −1.27 to −1.48. These behaviors may relate to the modification of the origin of flicker noise [13] . The presence of bulk defects is more important in long channel amorphous thin film transistors, and it may push the bulk effect noise to be the predominant origin of the whole noise. As the decrement of channel length, the quality of the oxide/channel interface is critical, and the carrier number fluctuation induced by trapping/detrapping of free carriers in the localized states and/or border traps becomes more important [13] . Thus, IZO TFTs may varied from bulk dominated devices to interface dominated devices with the decrement of channel length. This finding may result in a shift of the power law coefficient of S I /I 2 d against V gs − V th . The effective mobility in IZO TFTs is strongly dependent on the free carriers in the channel. Therefore, the fluctuation of interfacial charges may lead to the variation of mobility. As reported [26] , [27] , if the effective mobility is explicitly dependent on the interfacial charges, an extra drain current fluctuation may be induced and the related noises can be modeled by the carrier number with correlated mobility fluctuations ( N-μ) model [26] , [27] 
where g m is the device transconductance, and α c is a fitting parameter which may be related to the coulomb scattering. A high value of α c means more sensitivity of the mobility to the insulator charge. For a pure N model, α c ≈ 0. μ eff is the field effect mobility, and S vfb is the flat-band voltage noise power spectral density which can be expressed by [17] , [27] 
where λ is the tunneling attenuation coefficient (0.1 nm for SiO 2 ) and N t is the trap density near the insulator/channel interface (cm −2 eV −1 ). Moreover, the gate voltage noise spectral density in the above threshold region is given by [26] , [27] 
The variations of S vg as a function of V gs − V th are plotted in Fig. 5 . Under high gate voltages, S vg are varying superlinearly with gate voltage. In contrast, under low gate voltages or in the below threshold region, a steep decrease of S vg with gate voltage is observed, caused by the exponential variation of free carriers with the gate voltage [26] . Moreover, the variation slope of S vg with the gate voltage may be dependent on the channel length and channel width under low gate voltages. Thus, the variation rate may increase as the channel length is reduced [26] . Similar behaviors are also observed in MOSFETs [26] and a-Si:H TFTs [22] .
To extract the scattering parameter α c and flat-band voltage noise spectral density S vfb for IZO TFTs, the variations of S [28] .
The normalized drain current noise versus drain current is shown in Fig. 7 . By considering Eq. (3) associated with the interface charge fluctuations in the channel as in cSi MOSFETs, the measured noises in the linear region are in good agreement with the fitting results by use of the above extracted parameters. However, under low drain current intensities, discrepancies occur between measured results and fitting results. This phenomenon is also observed in the poly-Si TFTs [23] , [31] . Similar to large grain poly-Si TFTs, the excess of the measured noise from the theoretical results predicted by Eq. (3) in the IZO TFTs may due to carrier capture/release processes in localized states [23] , [31] . In order to model these excess noises, another component should be added in Eq. (3) by considering the existence and contribution of localized states.
Furthermore, the S/D contact resistance may play an important role both in I-V [29] and noise characteristics [30] of short channel IZO TFTs. Thus, the flicker noise under high current intensities may be affected by the contact resistance, and it should be modeled by considering both the channel and contact resistance.
C. DENSITY OF LOCALIZED STATES
To extract the density of localized states (DOS) in the bandgap, the surface potential of IZO TFTs should be firstly calculated. As reported in [32] , Lee et al. proposed a method for the calculation of surface potential (ϕ s ) from the subthreshold current. The surface potential can be calculated 274 VOLUME 6, 2018 through nonlinear mapping of V gs from the experimental sub-threshold current as
where V T is the thermal voltage, V gs is the measurement voltage step, and I D2 and I D1 are the measured current under two adjacent voltages. By using this method, the surface potential can be calculated, which is plotted in the insert figure of Fig. 8 . By considering traps within an energy band KT around the Fermi level, the corresponding density of localized states can be deduced by [33] , [34] 
Based on Eq. (6) and (7), the relation between DOS and subgap energy level can be extracted from the experimental I-V and noise characteristics, as plotted in Fig. 8 .
The calculated N T (E) is consistent with the well-known distribution of DOS as a superposition of two exponential localized states which can be described by
where N T1 and N T2 are about 4 × 10 19 and 8 × 10 17 cm −3 eV −1 , respectively. T T1 and T T2 are the characteristic temperatures of localized states which are about 160 K and 310 K, respectively. Note here that extracted characteristic temperatures of localized states are close to the well-known characteristic temperatures of tail states [11] , which are lower than that of deep states. To extract the density of deep states, the extraction method of ϕ s should be improved and more LFN results should also be measured in the sub-threshold region. Figure 9 shows drain current noise power spectral density versus drain current in the linear region at V ds = 0.1 V. As shown in the Fig. 9 , the noise S I follows the power law dependence with I d . The power law coefficients are extracted to be 0.47 to 0.59, which are lower than those observed in the c-Si MOSFETs (slope=1) [20] - [22] . These phenomena may induce by the existence of tail states in the channel [16] .
IV. ANALYSIS OF FLICKER NOISE A. NOISE IN THE ABOVE THRESHOLD REGION
As reported in [35] and [36] , by considering tail states, the effective mobility is approximately given by
where, Q free and Q tot is the density of the free carrier and the total induced charge in the channel, respectively. V ch is the channel voltage and α = 2T t /T − 2, while T t is the characteristic temperature of the tail states. When V ds is small, I d in the linear region can be approximated by (10) where, K I is a modeling parameter that is related to the device structure and tail states. Thus, g m in the linear region can be calculated by
Substituting Eq. (10) and Eq. (11) into the first term of Eq. (3), the first term of Eq. (3) can be rewritten as [16] in this paper. Thus, the related T t = (α + 2)T/2 is 345 K to 363 K in the IZO TFTs. These values are close to the extracted characteristic temperature of the tail states in the above section.
In the saturation region, V dsat = V gs − V th , therefore noise can be expressed by [16] 
Based on Eq. (13), noise varied as I
in the saturation region and the slope is lower than that in the c-Si MOSFETs which is equal to 1.5 [20] - [22] . As shown in Fig. 10 , noise varies as I 1.14 d and then the calculated α is nearly 0.31 which is consistent with the calculated values from the noise in the linear region.
In order to evaluate the quality of the channel material, α H can be extracted from the measured noise data in the linear region. By rearranging Eq. (2), α H can be calculated by
As shown in Fig. 11 , the extracted α H decrease with the increase of effective gate voltage, which indicates the noise in the IZO TFTs may also be affected by the carrier number fluctuation mechanism. Note here that the inaccuracy of the extracted V th may result in the increment of α H under low effective gate voltages. The values of average α H are deduced to be about 2.86×10 −3 , 3.39×10 −3 , 4.06×10 −3 , and 6.7×10 −3 respectively. With the decrement of channel length, the flicker noise of IZO TFTs may be more affected by the quality of the IZO/SiO 2 interface than the bulk layer. In the above threshold region, most of the localized states near IZO/SiO 2 interface are filled with carriers while the bulk defects may be empty. Thus, the fluctuations induced by the localized states near IZO/SiO 2 interface may less than that induced by the bulk defect. It may leads to the decrement of α H with the decrement of channel length.
α H is frequently used as a device/material quality indicator, and it is usually lower in the higher quality electronic materials. As a comparison, α H is about 5.32 × 10 −3 in the mature a-Si:H TFTs and 1.35 × 10 −3 in the IGZO TFTs [8] , [22] , [37] . Thus, our present result obtained for IZO TFTs shows good noise performance, which are in the same order to those reported mature TFTs [8] , [22] , [37] .
B. NOISE IN THE SUB-THRESHOLD REGION
As shown in Fig. 7 , the measured results in the sub-threshold clearly show that noise deviates from the theoretical results predicted by Eq. (3). These phenomena may induce by the existence of localized states (deep states) in the channel. In this region, extracted mobilities are not only related to lattice scattering, but also strongly dependent on the concentration of free carriers in the channel. Therefore, similar to Eq. (9), extracted effective mobility in the sub-threshold region also has a power dependence with V gs − V th and the power law coefficient is a function of the characteristic temperature of deep states (T d ) in the channel [35] , [36] .
As reported [38] , a simple empirical model can be used in the description of noise in the sub-threshold region for c-Si MOSFETs
where μ 0 is the mobility which only affected by lattice scattering. The extracted S I /I 2 d versus measured μ eff is plotted in Fig. 12 . The slopes (M) are nearly −3 which is larger than the predicted result (slope= −2) by Eq. (15) . Though the trend may be similar to the theoretical results predicted by Eq. (15) , which are related to mobility fluctuation mechanism, the possible reason and the physical meaning of the parameter M are still unknown. However, they may relate to the distribution of deep states and we would like to discuss this in our future works. 
V. BSIM MODEL AND EXTRACTION RESULTS
In order to optimize the low frequency noise in analog applications, circuit designers may simulate noise performance by use of circuit simulators that take into account of the BSIM model. In this section, noise parameters used in the BSIM model are extracted for IZO TFTs.
The BSIM model provides two flicker models, the simple flicker model and the unified flicker model. In the unified model, Hung et al. [19] combine both carrier and related interface mobility fluctuation mechanisms. Thus, the flicker noise can be modeled by the use of three noise fitting parameters: NOIA, NOIB and NOIC.
In the sub-threshold region, by considering carrier number fluctuation theory, the noise is written as
where NOIA = qN t while N t can be deduced by using Eq. (4) which are around 6.75 × 10 17 cm 2 eV −1 to 9.15 × 10 17 cm 2 eV −1 in this work, EF (flicker frequency exponent) characterizes the power dependence of the measured noise on frequency, and N * can be calculated by
As discussed in the above sections, noise in the subthreshold region may not only be affected by the carrier capture/release processes in traps located near the channel/insulator interface, but also affected by carrier capture/release processes in deep states in the channel. Thus, Eq. (16) is no longer suitable for the simulation in the IZO TFTs and it should be improved/modified by considering the existence of deep states.
In the above threshold region, the current noise is given by where L clm is a coefficient which is related to the channel length modulation effect. N 0 and N L are the charge densities at the source and drain, which can be expressed by
For a small drain bias (V ds V ds,sat and V ds V gs ), by assuming L clm = 0 and NOIC = 0, Eq. (18) can be further approximated by
Combining Eq. (2) [20] . The values of S I /μ 2 eff at low drain biases versus V gs −V th are plotted in Fig. 13 . The extracted results agree well with the predicted results by Eq. (12) .
If S I /μ 2 eff is independent of V gs − V th , the dependence of parameters NOIB on (V gs − V th ) −1 is in accordance with Eq. (21) . The NOIB parameters have been extracted, as shown in Fig. 14 
In this work, the extracted NOIB 0 are constants which are about 0.069, 0.067, 0.076 and 0.09 for the IZO TFTs, respectively. Similar to α H , the dependence of NOIB on channel length may also be induced by the variation of the dominant location of 1/f noise in IZO TFTs. By use of Eq. (21) and Eq. (22), the simulated flicker noises in the linear region are plotted in Fig. 15 . The simulated results agree well with the measured results in the linear region for the IZO TFTs.
VI. CONCLUSION
Low-frequency noises in the whole operation region of long channel IZO TFTs are investigated. The flicker noise is the main noise source when the frequency is below 3 kHz, while the generation-recombination noise is the dominant noise source in the frequency range from 3 kHz and 100 kHz. The measured results indicate that flicker noises are dominated by the mobility fluctuation mechanism and this can be explained by use of N-μ fluctuation model. Moreover, the scalingdown of IZO TFTs may modify the dominant location of flicker noise. Thus, IZO TFTs may be varied from bulk dominated devices to interface dominated devices with the decrement of channel length, which results in the variation of extracted parameters α H , α c and NOIB. In addition, the density of localized states in the band-gap is extracted. The measured normalized noises are strongly dependent on the characteristic temperature of localized states in the channel. Finally, the suitability of the BSIM noise model on the IZO TFTs is examined. Good agreement is achieved between measured results and simulated results in the linear region.
